Abstract-The structural and phase transformations that take place in the cast high entropy equiatomic alloy AlCrFeCoNiCu after solidification, homogenizing heat treatment, and cooling have been studied. Analytical transmission microscopy, scanning electron microscopy, X ray energy dispersive spectroscopy, and X ray dif fraction analysis were used to conduct the studies. The elastic modulus, nano , and microhardness have been measured. The alloy decomposition has been found to occur with the precipitation of no less than six nanos cale phases with different morphologies, structures (A2, B2, L1 2 ), and chemical compositions. All the nanophases are multicomponent solid solutions enriched with several elements, which indicates the pro nounced elemental and phase nanomodulation over the alloy volume.
INTRODUCTION
Despite the very long period of the development of metal science as a practical and scientific field of human activity, one and sometimes two or three met als serve as the base components for the vast majority of studied and, in particular, practically used metallic materials. Generally speaking, there are only two or three dozen frequently used conventional metals, including iron, aluminum, copper, precious metals, nickel, titanium, tin, lead, zinc, magnesium, niobium, zirconium, beryllium, and refractory, radioactive, and other metals [1] [2] [3] [4] [5] [6] [7] .
In the second half of the 20th century, the natural needs of developing industry for various structural and functional materials had stimulated the emergence of new technologies to create high alloy steels and alloys. This increased the number of alloying elements, as well as their fraction in the total material mass. For instance, some primarily corrosion resistant, heat resistant, and high strength steels and alloys already contain four or five controllable alloying elements up to 30-40% in weight; high strength aluminum alloys include three or four elements up to 10-15% in weight; and brass and bronze, up to 40 and 15%, respectively [1] [2] [3] [4] [5] [6] [7] [8] [9] .
In the 1960s, intermetallics, a broad class of com pounds that consist of original metal elements, were studied. The intermetallic compounds atomically ordered to form different types (A15, B2, C15, D0 3 , L1 0 , L1 2 , L2 1 , etc.) have unique functional properties, including superconductivity (Nb 3 Sn, V 3 Ga); magne tism (Fe, Ni, and Co compounds); heat resistance (NiAl, CoAl, CoNiAl), heat stability (Ni 3 Al, Ti 3 Al, TiAl); and shape memory effect and properties con trolled by heat, strain, or magnetization (TiNi, Ni 2 MnGa, etc.) [6] [7] [8] [9] [10] [11] [12] [13] .
However, the application of many of these alloys and intermetallic compounds is significantly limited because of their unacceptably low values of several ser vice properties. Therefore, the next important step, aimed primarily at improving their structural, func tional, and technological characteristics, was associ ated with micro and macro alloying with third, fourth, and fifth element, the development of new modern strengthening and plasticizing technologies for synthe sis and subsequent processing of poly and single crys tals, and the modification and arrangement of their micro and submicrocrystalline structures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Thus, the historical development of science and tech nology has predetermined the appearance of first studies on the formation and research of so called high entropy metal alloys containing already from five to six main ele ments, each with a concentration of 5-35%, at the beginning of the 21st century [14] . In particular, these alloys include AlCoCrCuFeNi, CoCrCuFeNiTi, and CuNiAlCoCrFeSi [14] [15] [16] [17] [18] . Along with characteristics typical of metal alloys, high entropy alloys exhibit unique and unusual properties typical of, e.g., metalloce ramics, including high hardness, high resistance to soft ening at high temperatures, a positive coefficient of tem perature hardening, and high strength properties at ele [14] [15] [16] [17] [18] . The microstructure, chemical and phase composi tion of the initial multicomponent equiatomic cast alloy AlCrFeCoNiCu have been studied in this paper. Bcc and fcc phases with dendritic microstructure are known to form in the alloys of this system. The mor phology and phase composition of the microstructure depends on the chemical composition, in particular on the aluminum content [14] [15] [16] . The equiatomic alloy exhibited modulated bcc lamellar phases with a В2 atomic ordered structure and А2 disordered one resulted from spinodal decomposition in the dendritic matrix [15, 16] . It is also assumed that, by contrast, a two phase mixture of fcc and bcc phases enriched with copper [15, 16] was formed as a result of eutectic reac tion within interdendritic regions. However, the results obtained in [14] [15] [16] [17] [18] are quite ambiguous and often contradictory. With allowance for these facts, in our work, we paid particular attention to the study of thin nanostructured and nanophase structure features of the cast alloy using primarily analytical methods of modern transmission and scanning electron microscopy.
EXPERIMENTAL
For the study, the ingot of high entropy equiatomic alloy AlCrFeCoNiCu, consisting of six high purity components (99.999%), 20 mm in diameter was melted in the atmosphere of purified argon. The ingot was remelted five times to improve chemical homoge neity, then homogenized for a long time in a vacuum furnace at 1000°С (24 h) and slowly cooled at a rate of 10 K/s. The ingot was cut into thin, platelike samples to be studied. The structure of the samples was exam ined by analytical electron microscopy (AEM), trans mission (TEM) and scanning electron microscopy (SEM), as well as by X ray diffraction analysis (XRDA). The electron microscopic investigations were performed using a Philips CM 30 Supertwin microscope (at an accelerating voltage of 300 kV) and a Quanta 200 Pegasus instrument (at an accelerating voltage of 30 kV). The local chemical analysis was con ducted using X ray energy dispersive EDAX spectrom eters with which these microscopes were equipped. The cross section of the electron beam was ~10 nm for TEM and ~400 nm for SEM studies. XRDA was car ried out on Bruker AXS D8 and DRON 3M X ray dif fractometers for the investigation of mechanically and electrolytically polished samples, by the θ/2θ method in monochromatized Cu Kα radiation. The hardness was measured by the standard microhardness tester. The hardness and modulus of elasticity were also determined by the nanoindentation method on the Fischer Picadentor NM500 tester using a tetrahedral diamond pyramid with an angle of 136° between opposite faces under a load of 300 mN for 20 s.
RESULTS
The X ray diffraction study of the cast alloy AlCrFeCoNiCu has shown that it is in the multiphase structural state and does contain the bcc and fcc phases. The interpretations of the most intense Bragg reflections allowed us to identify a bcc phase with the parameter а bcc = (0.288 ± 0.005) nm as the main matrix phase. In addition, there were weaker and broadened reflections from two fcc phases with parameters а fcc1 = (0.362 ± 0.005) nm and а fcc2 = (0.359 ± 0.005) nm, which were observed in the form of asymmetric dou blets closely located. The reflections of the second fcc phase were somewhat more pronounced. On the whole, the data are consistent with those previously published in [14] [15] [16] 18] .
The chemical composition of the alloy was defined by means of SEM analysis using X ray energy disper sive spectroscopy (EDS) in local volumes with sizes of a few tenths of micrometers. The distribution of chem ical elements over the alloy volume was found to be significantly nonuniform (see , table) . Taking into con sideration the published data and our SEM and TEM results, it can be concluded that, in the cast alloy, the formation of a microstructure with the typical mor phology of dendrites and interdendritic joints and their subsequent degradation occurred in the process of phase separation (Fig. 1a) . It follows from a TEM analysis of fringe contrast images, which illustrates the Widmanstätten lamellar precipitates with a thickness of 50-60 nm, a length of 500 nm, and orientation along habit planes that are close to {100} fcc , that interdendritic regions are not single phase (Figs. 1a-1c) . Based on the interpreta tion of the corresponding electron diffraction pattern (inset in Fig. 1c ) with the 〈112〉 fcc zone axis of reflect ing planes, the interdendritic region generally has an fcc structure with a parameter of about 0.358 nm (in agreement with X ray data of the second fcc phase). The presence of weaker superstructure reflec tions of the 110 and 120 types in electron diffraction patterns (Figs. 1c, 1d) indicates the existence of an atomic L1 2 order. However, both the presence of con trast bands in bright and dark field images and their fragmented nonuniform patterns (Figs. 1b, 1c ) make it impossible to draw an unambiguous conclusion that the entire interdendritic region is of the same atomic ordering. Thus, based on a comparison of the SEM data on the elemental X ray analysis of large interden dritic regions (~400 nm in cross section) and TEM data on the local analysis, carried out with the use of EDS of volumes ~10 nm in cross section, we have arrived to the conclusion that local differences in chemical composition are significant (see , table) . It can be concluded that the precipitates designated by us as α 1 and copper enriched phases (up to 77 at % Cu), compared to the surrounding interdendritic region (63 at % Cu) demonstrate its isomorphic decomposi tion. We cannot exclude the presence of some amount of the bcc phase of eutectic nature in it [15, 16] . Figure 2 shows characteristic electron microscopic images of the main dendritic structure actually pre vailing in the cast alloy volume. Corresponding elec tron diffraction patterns are demonstrated in the insets in Fig. 2a and 2c and schemes of their interpretations in Figs. 2b and 2c . The main feature of the dendrites is the presence of alternating (if we judge based on the uniform contrast in TEM images) Widmanstätten lamellar precipitates 40-50 nm thick and 500-600 nm long, which, however, are oriented along the habit {110} bcc planes. This was evidenced by the trace analy sis of the corresponding diffraction pattern shown in the inset of Fig. 2a , with the 〈001〉 bcc zone axis of the reflecting planes. Based on the measurements, the bcc lattice parameter is close to 0.288 nm. Together with structural reflections, bright superstructure reflections of the 100 В2 type are observed, as well as diffuse scat tering in the form of modulated strikes and satellites near the reflections and along the directions 〈110〉 B2 of the reciprocal lattice in the electron diffraction pat tern. This fact proves the presence of atomic ordering of the B2 bcc type in the Widmanstätten lamella. The electron diffraction pattern also exhibits four grids of less pronounced fcc reflections with zone axis 〈110〉 fcc (scheme in Fig. 2b ). In addition to bright and dark bands of uniform contrast, the position of which are indicated by letters D and B in Fig. 2a , the TEM images of dendrites illustrate darker contrasts of spherical particles with sizes of 10-30 nm, indicated by A and C, which are also visible in the В2 superstructure reflections of a type 100. Often, their location was not accidental and they accumu lated layers generally parallel to the Widmanstätten lamellae (Figs. 2a, 2c) . Finally, Fig. 2c also shows a coarser cubic rhomb shaped precipitates of micron sizes in the dendrites, indicated by E. These precipi tates have atomic ordered L1 2 structures, which can be seen from the electron diffraction pattern in the inset to Fig. 2c and corresponding interpretation in Fig. 2d . The L1 2 lattice parameter is close to 0.363 nm, which corresponds to the parameter of the first fcc phase revealed by X ray diffraction (а fcc = 0.362 nm). We may conclude that the complex electron diffrac tion pattern in Fig. 2a with weak additional fcc phase reflections (Fig. 2b) corresponds to the dendritic regions with this phase. Orientation relations between bcc and fcc phases determined by analyzing this elec tron diffraction pattern are close to {001} B2 || and 〈110〉 B2 || TEM data on the elemental composition of the phase particles precipitated in dendrites obtained using X ray EDS with a locality of the analyzed vol ume of ~10 nm in the lateral section are listed in the table. This table also contains our own and published data on the average chemical composition of dendrites in the alloy under study. These data were measured in SEM studies using a probe 0.4-0.5 µm wide (the uncertainty in measurement is no less than 2-3%; therefore, our and published data in the table are expressed in round whole numbers). When analyzing the results, it should be noted that four multicompo nent solid solution based on cubic phases А2, B2, and L1 2 have been found with significant differences in
. L chemical compositions. Lamellar nanoparticles (indi cated by D) of a darker contrast are identified as the В2 phase enriched in Cu (up to 85 at %), Ni, and Al (up to 5 at %) and contain three other elements (Fe, Co, Cr) in amounts less than 5 at %. Lamellae that are parallel to the previously described particles and brighter regions (B) correspond to the disordered bcc А2 phase. On the contrary, they are enriched in Cr (up to 43 at %), Fe (up to 30 at %), and Co (up to 20 at %), including no more than 5 and 2 at % Ni and Al, respectively, with little Cu. The spherical dispersed В2 nanoparticles (A, C) seem to belong to the same В2 phase based on the system Ni-Al-Co and, being in В2 solid solution, they contain Ni (up to 30-31 at %), Al (up to 20-26 at %), Co (up to 18-20 at %), Fe (12-14 at %), Cu (up to 10 at %), and Cr (6.3 at %). Finally, the copper rich micron particles of the atomic ordered L1 2 phase (indicated by E in Fig. 2c) include Cu (up to 60 at %); Ni (up to 15 at %); and Co, Al, and Fe (up to 7-9 at %), as well as Cr (up to 3 at %). The average chemical composition that is integrated over the volume of dendrites is markedly different from the nominal one (16.6 at % of each element). In general, these integrated data are in quite good agreement, considering the different synthesis conditions and heat treatment, with the known published data [15, 16, 18] .
The mean values of the elastic modulus (182 GPa) and hardness (534 HV) obtained by nanoindention are fairly high, and the nanohardness is close to our mea surements of microhardness (500 HV) and to known published data [16] .
DISCUSSION
As has already been mentioned, the studied cast metal alloy belongs to high entropy alloys. Their dis tinctive feature is the solidification induced formation of phases based on multicomponent solid solutions, provided that equiatomic multicomponent (4-5 or more metals) alloying is performed [14] , and they are expected to have simple bcc or fcc structures and pro vide, even at high temperatures, significant precipita tion hardening and thermal stability of the microstruc ture and properties. In this case, the alloys really must have a number of attractive physical and mechanical, chemical, and service properties [14] . In the thermo dynamic sense, the main factor responsible for the for mation of metallic alloys based on multicomponent cubic solid solutions is the entropy of mixing. Its dependence on the number of alloying elements in the equiatomic alloys completely disordered is shown in Fig. 3 [14] . It is believed that a significant increase in the entropy is accompanied by an adequate reduction in the free (or Gibbs) energy of the system with an increase in the number of components in the equi atomic alloys. This stabilizes nonequilibrium solid solution state and makes it competitive with softening processes in the alloy. When discussing the experimental results taking into consideration all mentioned above, it is important to note that a highly unstable structural phase state is retained even in the cast high entropy alloy. The main structural features include the following: the presence of a small number of multicomponent crystalline phases rather uniformly distributed in dendrites and interdendritic regions; the presence of simple cubic phases, which are both disordered (А2) and atomic В2 and L1 2 ordered; the nanoscale of the phases and the prevalence of isotropic or intermediate anisotropic morphological forms due to block discretization structure and uniform spatial arrangement of all nanophases; the nanomodulated distribution of chemi cal composition and nanophases (and as expected in a number of papers, spinodal phase separation of solid solution initial phases); the implementation of the rational dimension orientation relationships between phases and, obviously, the implementation of their interfacial conjugation of mostly coherent nature.
Thus, it should be emphasized that the alloy did undergo decomposition during slow solidification and subsequent heat treatment. This process was accom panied by the formation of the four phases in dendrites and the wo phases, namely, those enriched in and depleted of copper, in the interdendritic regions (Fig. 4) . However, their number is much less than the maximum possible number under equilibrium condi tions according to the Gibbs phase rule [14] .
When considering these results, we must discuss the unique experiments previously published in [18] . The same cast alloy was used to study at atomic reso lution the local distribution of the chemical elements, using a three dimensional Cameca Atom Probe (3D AP) scanner. In addition to the above results on the phase composition of the alloy, the 3D AP tomog raphy method was used to reveal the periodic concen tration fluctuations and segregations of chemical ele ments (with sizes of one to dozens of nanometers) within the dendritic matrix. We identified a whole number of different clusters with different elements, i.e., Cu (up to 90 at %)-Ni (4-5 at %)-Al (up to 4-5 at %); Cr (up to 40 at %)-Fe (up to 31 at %)-Co (up to 19 at %); and clusters based on Al-Ni-Co, AlNi-Fe, Ni-Cr-Fe, and Ni-Cr-Fe-Co. It is obvious that the detected concentrations of 3D distributions are associated with the detected nanophases and dem onstrate a highly complex and nontrivial nature in high entropy alloys.
CONCLUSIONS
Based on the results of the present study and already known data, the following conclusions can be drawn:
(1) In the cast multicomponent high entropy equi atomic AlCrFeCoNiCu alloy, solidification, followed by homogenization and cooling, has led to the decom position with the precipitation of at least six phases that have different morphologies, structure types (А2, В2, and L1 2 ), and chemical compositions within the formed dendritic and interdendritic regions.
(2) The precipitates are characterized by nanoscale sizes and mostly equiaxed or lamellar shapes. They are uniformly distributed between themselves and over the alloy volume. They possess size orientated and coher ent relationships with the matrix both in dendrites and interdendritic regions.
(3) All nanophases are multicomponent solid solu tions enriched in several elements, which leads to the pronounced modulation of the elemental and phase compositions over the alloy volume. This is well con firmed by the data obtained by the three dimensional atomic alloy scanning. These data has shown that the distribution of all the chemical elements is character ized by their consistent periodic nanoscale modula tion [18] .
